M
etformin is an oral glucose-lowering agent initially prescribed to patients with type 2 diabetes mellitus (DM). Metformin improves hyperglycemia by enhancing insulin sensitivity, reducing hepatic glucose release, and elevating muscle uptake of glucose. Many studies have reported that metformin administration to patients with DM before stroke onset may be associated with reduced neurological severity. [1] [2] [3] Moreover, metformin use in patients with DM has been shown to reduce the risk of coronary artery disease and mortality. 4, 5 Consequently, because of its benefits, metformin is preferred as the initial drug for treatment of patients with DM and systemic vascular diseases. Globally, drug regulatory agencies have issued specific cautions and restrictions related to the use of metformin in patients with DM and advanced chronic kidney disease (CKD). An increased risk of impaired lactate metabolism has been implicated in metformin-using patients with CKD; metformin use leads to severe metabolic acidosis, adverse outcomes, and mortality in such patients. 6, 7 Impaired kidney function retards metformin elimination and may cause it to accumulate, raising concerns about lactic acidosis. In patients with DM and advanced CKD, metformin is cautiously prescribed because of the perceived risk of lactic acidosis or adverse effects. Some studies, however, have shown the possible safety of metformin use in dialysis patients with type 2 DM. [8] [9] [10] Two hemodialysis patients with DM were enrolled in an open-label study conducted to observe the association between lactic acidosis and metformin therapy in patients with CKD; the results showed no correlation between metformin use and lactate concentrations, and %14% of the daily dose of metformin was extracted during a single dialysis session (5 hours). 10 Al-Hwiesh et al reported a pilot study on metformin therapy in peritoneal dialysis; they enrolled 35 patients with type 2 DM (median age: 54 years; interquartile range: 47-59 years) who received automated peritoneal dialysis and metformin treatment. The results revealed that no patients recorded a plasma lactate level >5 mmol/L; furthermore, no correlation was observed between the plasma metformin and lactate levels (r=0.27). 8 Moreover, a systematic review reported that metformin is moderately dialyzable and that metformin poisoning with lactic acidosis appears to be amenable to extracorporeal treatments in hemodialysis patients. 9 Taken together, these studies have shown that metformin might be safe in dialysis patients with type 2 DM.
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The Taiwan National Health Insurance program has provided compulsory universal health insurance since 1995, and it covers >99% of the population of Taiwan. Consequently, claims data obtained from the National Health Insurance Research Database (NHIRD) are ideal for longitudinal cohort studies. [11] [12] [13] [14] [15] [16] [17] [18] Because many studies have shown that metformin reduces mortality and the risk of cardiovascular outcomes, metformin has been used to treat patients with CKD without exercising necessary caution. Until 2009, CKD was not considered a contraindication for metformin prescription in Taiwan. In 2009, the Taiwan Food and Drug Administration announced that metformin use was contraindicated in men and women with serum creatinine concentrations of >133 and >124 lmol/L, respectively. This change in the guidelines of the Taiwan Food and Drug Administration provides a basis to examine the safety of metformin in hemodialysis patients with DM in a national population-based cohort. Moreover, recent studies have shown that metformin use might be safe in dialysis patients with type 2 DM. [8] [9] [10] According to our review of the literature, no studies have examined the association between metformin use and stroke events in hemodialysis patients. Using the NHIRD, we investigated the effects of metformin use on stroke events (ischemic or hemorrhagic stroke) in hemodialysis patients with type 2 DM.
Methods

Data Sources
This study used the data from the Health and Welfare Data Science Center (HWDC), Ministry of Health and Welfare (MOHW). Researchers can access the data only in an independent operation zone in the HWDC, MOHW. Only statistical results can be brought out; therefore, the data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. The Joint Institutional Review Board of Taipei Medical University approved this study (TMU-JIRB no. N201605039) and granted a waiver of informed consent. This nested case-control study was conducted using data from the NHIRD collected between 2000 and 2014. The NHIRD is a population-based claims database provided by the National Health Insurance Administration and is managed by the National Health Research Institutes; the data cover >99% of all residents of Taiwan. All dialysis patients with catastrophic illness registration certificates are enrolled in the National Health Insurance program because such patients are not required to pay deductibles for the treatment of a catastrophic illness or its related conditions during the valid period of the certificate. The NHIRD is one of the highest quality databases of its type in the world and has been widely used for longitudinal cohort studies, [11] [12] [13] 15, [17] [18] [19] [20] [21] [22] including our previous reports. What Are the Clinical Implications?
• Our findings indicate that in hemodialysis patients with type 2 DM, metformin users had a significantly higher risk of stroke (ischemic and hemorrhagic stroke) than nonusers, regardless of antihypertensive, sulfonylurea, or antiplatelet drug use.
• Our study supports the clinical recommendations that metformin should not be prescribed to hemodialysis patients with type 2 DM, although several studies showed metformin associated with lactic acidosis could be removable and might be safe in dialysis patients with type 2 DM.
The NHIRD files contain data on all reimbursement claims of beneficiaries for most medical services in Taiwan, including inpatient and outpatient care and prescription drugs. The information on diseases is coded according to the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM). In addition, encrypted patient identifiers are linked to the death records of the National Death Registry under the regulation of the HWDC, MOHW.
Study Cohort
The study cohort included new-onset hemodialysis patients with DM between 2001 and 2013. New-onset hemodialysis patients were defined as patients who received hemodialysis continuously for at least 3 months and had no dialysis record before the initial date of hemodialysis therapy. Of the patients, those who had diagnostic claims of DM and received antidiabetic medications were included. We then excluded patients whose age and sex were not recorded; who were aged <40 years; and who had a history of cancer, kidney transplant, or renal replacement therapy in addition to hemodialysis and stroke. The last exclusion criterion was used to ensure that stroke occurred only after the initial hemodialysis.
Case and Control Patient Selection
The case patients were those who were admitted to the hospital because of ischemic stroke (ICD-9-CM codes 433, 434, and 436) or hemorrhagic stroke (ICD-9-CM codes 430-432), and the date of stroke admission was defined as the index date of stroke. To reduce the overdiagnosis of stroke, 23 we further limited the cases to patients who received computed tomography or magnetic resonance imaging at same stroke admission to ensure that the diagnosis was active. Each case patient was matched to 4 control patients by sex, age (AE1 year), and year of initial hemodialysis therapy by using an incidence density sampling approach, which involves matching each case to a sample of those who are at risk at the time of case occurrence. 24 Because the control patients did not experience a stroke event, they were assigned a date for a pseudostroke event, which corresponded to the index date of their matched case patients (referred to as the index date hereafter). This approach allowed us to observe both patient groups for similar periods, eliminating the bias caused by differences in time frame.
Metformin Use
Metformin use was determined using prescription claims. We examined metformin use 1 year before the index dates of the case and control patients. The patients were classified as users if they had metformin claims and as nonusers if they did not have metformin claims within the 1-year observational period before the index date. To determine the effect of time, the users were further categorized according to the time interval between the last prescription and the index date, and the intervals were coded as ≤90 and 91 to 365 days.
Covariates
Hemodialysis itself was a risk factor for stroke [25] [26] [27] ; therefore,
we considered the frequency of hemodialysis in terms of sessions per week. Cardiovascular diseases have been reported to be risk factors for stroke; therefore, hypertension, dyslipidemia, and heart failure were considered in this study if they were diagnosed before the index date. Inflammationrelated diseases such as osteoarthritis or rheumatism were also considered in this study. In addition, previous or coexisting medical conditions were recorded if the patients were diagnosed with chronic obstructive pulmonary disease, pneumonia, asthma, chronic liver disease, and dementia. To quantify the severity of comorbidity, we used the Charlson comorbidity index as a proxy measure after adjustment for prescribed medications, including metformin, thiazolidinedione, sulfonylureas, a-glucosidase inhibitors, insulin, dipeptidyl peptidase 4, angiotensin-converting-enzyme inhibitors or angiotensin receptor blockers, b-selective blockers, diuretics, calcium channel blockers, antiplatelet drugs, statins, nonsteroidal anti-inflammatory drugs, and steroids. Furthermore, the Charlson comorbidity index was used to measure the severity of comorbidity after adjustment for the risk of stroke in the patients who had received medications within 6 months before the index dates.
Statistical Analyses
We used standardized difference to evaluate the balance of baseline characteristics between the case and control patients' difference, which was assessed in some studies 28, 29 and in our study. 19 The threshold of standardized difference can indicate an important imbalance such that a value >10% is interpreted as significant difference in the mean of a covariate between treatment groups. 30, 31 Conditional logistic regression was used to estimate the crude odds ratios (ORs), adjusted ORs, and 95% confidence intervals (CIs) for the association between metformin use and the risk of stroke. We also performed a subgroup analysis to identify the association between metformin use and stroke in the patients who received medications including antihypertensive drugs, sulfonylureas, insulin, antiplatelet drugs, statins, nonsteroidal anti-inflammatory drugs, and steroids. The statistical analyses were performed using SAS/STAT version 9.3, (SAS Institute) and STATA 12 (StataCorp). A P value of <0.05 was set as the level of statistical significance.
Results
Baseline Characteristics
Of the 17 760 hemodialysis patients with DM, we identified 1353 patients with ischemic stroke and used an incidence sampling approach to match them with 5412 control patients who did not undergo stroke hospitalization (Figure 1 ). This approach was also used to identify 545 case patients with hemorrhagic stroke and 2180 matched controls. Of the case patients with ischemic stroke, the mean age was 63.4 years (SD: 9.5), and %50% were male. The 3 most common comorbidities were hypertension (89.9%), dyslipidemia (34.8%), and heart failure (24.6%), and 65.1% had a Charlson comorbidity index ≥5. In terms of medication use 6 months before hemodialysis initiation, the most common antidiabetic drugs used were insulin (57.4%) and sulfonylureas (53.1%); the most common antihypertension drugs used were calcium channel blockers (88.5%), diuretics (87.0%), angiotensinconverting enzyme inhibitors and angiontensin receptor blockers (66.5%), and beta blockers (61.0%). In addition, 59.7% and 50.4% of patients used antiplatelet drugs and nonsteroidal anti-inflammtory drugs, respectively. Compared with ischemic stroke patients, the mean age of those with hemorrhagic stroke was lower, but a higher percentage was male (58.5%); the most common comorbidities and medication use were very similar between groups. After age and sex matching, most baseline characteristics did not differ significantly between the case and control patient groups except that the patients with hemorrhagic stroke had lower rates of heart failure and steroid medication use than did their matched control patients (Table 1) .
Metformin Use and Stroke Risk Table 2 presents the association between metformin use and the risk of stroke based on the timing of metformin use. The 
Subgroup Analysis of the Association Between Metformin Use and Risk of Stroke in Hemodialysis Patients With Other Prescribed Medication
Of patients who used angiotensin-converting enzyme inhibitors and angiontensin receptor blockers (Figure 2 ), patients with ischemic stroke were more likely to be exposed to metformin 1 year before the index date compared with their matched controls (adjusted OR: 1.59; 95% CI, 1.19-2.13). Similar results were obtained for patients who used b-selective blockers, calcium channel blockers, and diuretics. Because we focused on hemorrhagic stroke, the findings were consistent across the prescribed medications. The adjusted OR of cases to matched controls, for example, was 1.96 (95% CI, 1.23-3.13) among users of angiotensinconverting enzyme inhibitors and angiontensin receptor blockers.
As depicted in Figure 3 , when we focused on patients who used sulfonylureas, the risk of stroke was associated with metformin use. Among insulin users, metformin use was not associated with the risk of both ischemic and hemorrhagic stroke. Regarding other medication users (Figure 4 ), metformin use was related to ischemic stroke in patients who used antiplatelet and nonsteroidal anti-inflammatory drug. Furthermore, a positive association was observed between metformin use and hemorrhagic stroke in patients who took antiplatelet drugs, statins, and steroids.
Discussion
This study is the first to examine the outcome of metformin use on stroke events in hemodialysis patients with DM. After multivariate adjustment and subgroup analysis, the major findings of our study are outlined as follows: (1) The risk of stroke (ischemic and hemorrhagic) was significantly higher in hemodialysis patients with type 2 DM who were metformin users than in those who were not metformin users; (2) the association between metformin use and stroke was significant when we limited the duration of observation to 90 days before the index date; and (3) subgroup analyses revealed a hazardous association between metformin use and stroke among patients who used antihypertensive drugs, sulfonylureas, and antiplatelet drugs. User referred to any metformin use within in 1 year before the index date. OR indicates odds ratio; Ref., reference group. *Adjustment for covariates including hemodialysis frequency, previous and existing medical conditions (including hypertension, dyslipidemia, heart failure, chronic obstructive pulmonary disease, pneumonia, asthma, chronic liver diseases, osteoarthritis, and rheumatism) and prescribed medications before hemodialysis including metformin, thiazolidinediones, sulfonylureas, a-glucosidase inhibitors, insulin, DPP4 (dipeptidyl peptidase 4), angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, beta blockers, diuretics, calcium channel blockers, antiplatelet drugs, statins, nonsteroidal anti-inflammatory drugs, and steroids.
DM is a risk factor for cerebrovascular disease. In the general population, studies have reported that metformin use in patients with DM and without CKD reduces neurological severity 1 and the risk of stroke. 2 In contrast, in our study, the patients with DM and CKD stage 5D (ie, hemodialysis patients with DM) who were metformin users had a significantly higher risk of stroke than did metformin nonusers. In addition, among patients who used antihypertensive drugs, sulfonylureas, and antiplatelet drugs, our results support a hazardous association between metformin use and stroke. Although the results of this observational study should be interpreted with caution, the nested case-control analysis of the time of drug use strongly suggested an association between metformin use and stroke in hemodialysis patients with type 2 DM because of the perceived risk of its adverse effects. Metformin is generally recommended as the initial pharmacological treatment for patients with type 2 DM. Metformin is mostly excreted unchanged by the kidney; therefore, this drug can accumulate and cause adverse effects in patients with advanced CKD. 32 Evidence suggests the cautious use of metformin in patients with advanced CKD. 6 A recent population-based observational cohort study revealed that metformin use is associated with a 35% increase in the risk of all-cause mortality in patients with type 2 DM and advanced CKD (approximately stage 5). 33 The molecular mechanism of adverse outcomes associated with the action of metformin is not completely understood. Some studies have suggested that accumulated concentrations of metformin act as an inhibitor of complex I, a component of the mitochondrial electron transport chain, further causing mitochondrial dysfunction. 34, 35 The degree of mitochondrial dysfunction is associated with the severity of adverse outcomes. 36, 37 Although clinical recommendations have been in place in Taiwan since 2009 suggesting that metformin not be prescribed for DM patients with late stage of CKD, this current study observed that a portion of hemodialysis patients with DM had received metformin. A possible reason for this observation is that several studies have shown that metformin poisoning with lactic acidosis can be removed by extracorporeal dialysis treatment and might be safe in dialysis patients with type 2 DM. [8] [9] [10] Nevertheless, the trend of hemodialysis patients with DM receiving metformin decreased in Taiwan after 2009 (Table S1 ). Because this study found that metformin use was associated with an increased risk of both ischemic and hemorrhagic stroke, a disease-management team with care managers, physicians, and specialists is needed for hemodialysis patients with DM to improve overall health. This approach has been applied successfully for patients with heart failure and DM. 38 Two systematic reviews and meta-analyses have shown that different classes of antihypertensive drugs (angiotensinconverting enzyme inhibitors and angiontensin receptor blockers, beta blockers, calcium channel blockers, and diuretics) did not significantly affect the risk of stroke in patients with hypertension and DM. 39, 40 The subgroup analysis of antihypertensive drugs in our study revealed a hazardous association between metformin use and the risk of stroke in hemodialysis patients with DM, regardless of the class of antihypertensive drugs used. A meta-analysis of randomized controlled trials comparing insulin with oral hypoglycemic agents revealed that insulin did not reduce the risk of stroke events in patients with DM. 41 However, a systematic review and meta-analysis revealed that sulfonylurea use was associated with a significantly higher risk of cardiovascular events (including stroke, myocardial infarction, cardiovascular-related hospitalizations, or cardiovascular death), compared with oral hypoglycemic agents. 42 Our subgroup analysis also indicated a similar result, showing that metformin use was associated with the risk of stroke in Figure 3 . Subgroup analysis of metformin use and risk of stroke among hemodialysis patients with type 2 diabetes mellitus who received sulfonylureas and insulin. *Adjustment for covariates including hemodialysis frequency, previous and existing medical conditions (including hypertension, dyslipidemia, heart failure, chronic obstructive pulmonary disease, pneumonia, asthma, chronic liver diseases, osteoarthritis, and rheumatism), and prescribed medications before hemodialysis (including metformin, thiazolidinediones, sulfonylureas, a-glucosidase inhibitors, insulin, DPP4 [dipeptidyl peptidase 4], angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, beta blockers, diuretics, calcium channel blockers, antiplatelet drugs, statins, nonsteroidal anti-inflammatory drugs, and steroids). CI indicates confidence interval; OR, odds ratio; Ref., reference group. hemodialysis patients with DM who received sulfonylureas but not insulin.
In this study, we discussed the association between metformin use and the risk of stroke in hemodialysis patients. The type of stroke was broadly classified into ischemic and hemorrhagic. Cerebral infraction can be cardiogenic or noncardiogenic, and noncardiogenic can be further categorized into atherosclerotic, lacuna, or unknown. The risk factors for those stroke types are different and might have affected the results of this study. Unfortunately, the data we used were unable to investigate the risk factors for different stroke subtypes. Further study is encouraged to clarify the association.
The strengths of our study include the large sample size, the use of a national database, the consideration of timedependent drug use, and the execution of subgroup analyses. Moreover, this population-based observational study included adjustments for all potential risk factors. The major limitation of this study was a retrospective claim-based study design in which the data on the relevant events for each individual were collected from existing records; therefore,the potential bias could have affected the results of the study. First, the data on drug exposure were based on prescription records, which might not reflect actual drug use. Second, the NHIRD lacks information on patients' risk behavior and clinical Figure 4 . Subgroup analysis of the risk of metformin use and stroke among hemodialysis patients with type 2 DM who received antiplatelet drugs, statins, NSAIDs, and steroids. *Adjustment for covariates including hemodialysis frequency, previous and existing medical conditions (including hypertension, dyslipidemia, heart failure, COPD, pneumonia, asthma, chronic liver diseases, osteoarthritis, and rheumatism), and prescribed medications before hemodialysis (including metformin, thiazolidinediones, sulfonylureas, a-glucosidase inhibitors, insulin, DPP4 [dipeptidyl peptidase 4], angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, beta blockers, diuretics, calcium channel blockers, antiplatelet drugs, statins, NSAIDs, and steroids). CI indicates confidence interval; NSAID, nonsteroidal antiinflammatory drug; OR, odds ratio; Ref., reference group. characteristics, which might affect the findings. Third, although this population-based observational study included adjustments for all potential risk factors, unmeasured factors might have biased our observations; therefore, the results should be interpreted cautiously. Finally, this study included a cohort of Taiwanese patients; therefore, our results might not be applicable to other populations.
In conclusion, this study is the first to examine the outcome of metformin use and stroke events in hemodialysis patients with DM. It revealed that of hemodialysis patients with DM, metformin users had a significantly higher risk of stroke (ischemic and hemorrhagic) than did nonusers. Our findings support the clinical recommendations that metformin should not be prescribed to hemodialysis patients with type 2 DM.
